Mycolic acids were detected in both reference strains and clinical isolates of mycobacteria by using gas chromatography of fatty acid methyl esters prepared by acid methanolysis. The methyl esters were extracted with hexane, concentrated, and analyzed with a gas chromatograph by using two different injector temperatures. When the samples were analyzed at high injector temperatures of 300 to 350°C, characteristic thermal cleavage products from mycolic acids, C220, C240, or C260 fatty acid methyl esters, were detected. When analyzed at injector temperatures of 235°C or lower, the mycolic acids were heat stable and the characteristic methyl ester cleavage products were not observed.
Identification of mycobacteria in the clinical or reference laboratory is often difficult and time-consuming. The nontuberculous mycobacteria are being recognized with increasing frequency from infections, and it is important to distinguish them from tuberculous mycobacteria (31) and species in the closely related genera of Nocardia, Rhodococcus, and Corynebacterium. In addition to the conventional cultural and biochemical methods used for identification (11) , other methods have been used to differentiate these organisms (6) . Chemical studies have shown that these bacteria all contain long-chain fatty acid molecules which are characteristic of each genus. These high-molecular-weight lipid components, known as mycolic acids, have an alkyl branch on the alpha carbon atom, a hydroxyl group on the beta carbon atom, and carbon chains which vary in length from 29 carbon atoms in Corynebacterium species to 90 atoms in Mycobacterium species (14, 23) . Detailed studies of the chemical structures of mycolic acids found in selected organisms have been reported (3, 22, 28, 29) , and these acids, as well as other cellular lipid components, have been separated by thin-layer chromatography (TLC; 5, [17] [18] [19] . Lechevalier et al. (15, 16) isolated methylated mycolic acid fractions from mycobacteria and nocardia by TLC and then used gas-liquid chromatography (GLC) to identify the cultures by thermally cleaving the mycolic acid esters. They used the technique described by Stodola et al. (25) and Etemadi (4) , who found that high temperatures (3000C) cleave the carbon chain of the mycolic acid molecule between the alkyl-branched alpha carbon and the hydroxyl-substituted beta carbon to form fatty acid methyl esters or aldehydes which are amenable to GLC analysis. Mycolic acids from Mycobacteria species cleave to yield fatty acid methyl esters with 20 to 26 carbon atoms, whereas those from Nocardia and Corynebacterium species both yield methyl esters with 12 to 18 carbon atoms. Although the latter two genera produce similar fatty acid methyl esters, the aldehyde cleavage products have different chain lengths, with nocardia containing 18 to 52 carbon atoms and corynebacteria containing 14 to 18 carbon atoms. The long-chain aldehydes cannot be detected because they do not elute from the GLC column, but the shortchain aldehydes can be detected and are useful for differentiating these two genera. At low GLC injector temperatures (2350C), mycolic acids do not cleave and cannot be detected by GLC under normal operating conditions. This investigation generally follows the methods of Lechevalier et al. (15, 16) and Minnikin et al. (18) ; however, we were able to eliminate the initial TLC separation step before GLC by analyzing the methyl ester samples at both the cleavage and noncleavage injector temperatures.
Fatty acid methyl esters formed from mycolic acids by thermal cleavage are detected by noting the differences between the two chromatograms.
The required sample size has been reduced to 15 mg (wet weight) of cells or 10 mg of lyophilized cells and sample preparation has been simplified; the method has been improved for routine diagnostic identification of unknown cul- packed with 3% OV-101 on 100/200-mesh Gas-Chrom Martin 383 (10 mg), were prepared and analyzed Q (Applied Science Division of Milton Roy) and pro-on the PE 990 gas chromatograph with the SEgrammed from 200 to 310'C at 6C/min. The detector 30 metal column and on the Varian 2700 gas temperature was 310'C, and the injector temperature was adjusted to various temperatures from 210 to chromatograph weth the 0V-l1i glass column.
325°C, with complete thermal cleavage of mycolic acid The height of the 024:0 fatty acid methyl ester methyl esters occurring at 295°C and above. The peak was measured at various injector temperhelium carrier gas flow was 40 ml/min.
atures from 210 to 370°C, and cleavage of myStandards. Reference mixtures of fatty acid colic acids was considered to be complete when methyl esters (Applied Science Division of Milton increased injector temperatures resulted in no Roy) were used for identification of the peaks and for increase in the peak height of C24:0. Peak heights calibration of the gas chromatograph-mass spectrom-at lower mjector temperatures were calculated eter.atlwrmetrtmeaueweeclutd as a percentage of peak height at complete cleav-RESULTS age. (3, 9, 20, 21, 28) , but none were adequate for miligram quantities of cells. Satisfactory results were obtained with 10 mg of lyophiized cells, using a modification of an anhydrous basic procedure of Greeley (8) . Moisture-free cells were heated with tetramethylammonium hydroxide in NN'-dimethylacetamide, and then iodomethane was added to form the methyl ester; the sample was acidified, extracted with ether-hexane (1:1), and analyzed by GLC. A complete sample preparation and analysis took 2.5 h. The methanol-toluene-sulfuric acid method of Minnikin et al. (18) also gave satisfactory results and is our method of choice because it can be used with both lyophilized and fresh cells. After an overnight heating period for the acid methanolysis step, the methyl ester sample can be extracted and analyzed in 1.5 h. Thus, the amount of cells and time required are considerably less than with the method of Lechevalier et al. (14) , which required 4 h for TLC and GLC analyses after a lengthy saponification procedure. Moreover, acid methanolysis does not cause isomerization or degradation of cyclopropane fatty acids as has been reported with the basic reagents (18) . In addition, the methanol-toluene-sulfuric acid method permits the simultaneous determination of cellular fatty acids and cleavage products of mycolic acids, and if further characterization is required, the remaining sample can be used for TLC analysis (15, 16, 18, 28) .
A 3500C injector temperature was required for maximum cleavage of mycolic acids on the PE 990 gas chromatograph, whereas 295°C was required on the Varian 2700 instrument, even though the PE 990 had an all-metal injector and column. The injector temperature (350°C) of the PE 990 was verified against two independent temperature references, since it was higher than the temperature (3000C) previously reported (4).
During successive GLC analyses, the injector temperature was changed while the column oven was in the cool-down mode of the temperature program and was equilibrated to within ± 10°C of the desired temperature before proceeding with the next analysis. When a sample was injected at low injector temperature (235°C), residual mycolic acids remained in the injector port of the chromatograph and eluted slowly as background components. Subsequently, when other samples were analyzed by GLO, these components appeared as artifacts in the chromatogram. We solved this problem by injecting 1 or 2 pl of hexane at an injector temperature of 3500C and simultaneously increasing the column oven temperature to 2900C at the maximum rate.
The sample injected should be large enough to obtain a chromatographic peak height of at least 75% of full recorder response for the major fatty acids. The relative amount of C22:0, C24:0, or C26:0 fragments resulting from cleavage can usually be determined by visually comparing the size of the chromatographic peaks with that of one or more peaks that do not change, e.g., TBSA or C,8:1. Calculation of the ratios of cleavage product concentrations to TBSA concentration is only required for those samples where visual inspection of the chromatograms does not give clear results because the mycolic acid content is low or interfering peaks are present. In these instances, the ratio should be at least 0.1 to indicate the presence of mycobacteria.
The fatty acid methyl esters cleaved from the mycolic acids of nocardia and corynebacteria have less than 20 carbon atoms (14, 15) and could elute with the cellular fatty acid methyl esters. Thus, the differences between cleavage and noncleavage chromatograms are not readily observed. To differentiate these genera by GLC, an initial TLC separation (15, 16, 28) of the mycolic acids would be necessary before the cleavage products could be detected.
The TBSA occurs in only a limited number of bacteria in the order Actinomycetales, including mycobacteria and nocardia (13, 14) , and its presence, in addition to mycolic acids, is useful for the identification of these bacteria. Several unusual branched-chain acids which elute after TBSA on a nonpolar GLC column have been identified (1, 2, 7) in M. tuberculosis as phthienoic acids (C25-and C27-branched) and myocerosic acids (C29-and C32-branched). However, these branched-chain acids are thermally stable and thus would not usually interfere with the detection of mycolic acids. Although the relative amount of mycolic acids can vary with culture age and growth conditions (2, 15), Lechevalier et al. (15) concluded that the type of mycolic acid formed is not affected. Thus, detection of mycolic acid cleavage products by GLC is a useful qualitative test for distinguishing these organisms.
Even though a limited number of species were examined in this study, the major fatty acids found are the same as those found by other investigators (1, 2, 7, 10, 26, 27) with the exception of Tisdall et al. (27) , who did not find C18:1 in M. tuberculosis H37Rv. However, we found C18:1 in this strain (Fig. lb) at a relative concentration of 10% and confirmed its presence by gas chromatography-mass spectrometry and by hydrogenation (20) . Tisdall et al. (27) separated mycobacteria into three major groups based on the relative amounts of C24:0 and C26:0, using a Varian 2700 gas chromatograph with an injector temperature of 2750C. Based on the results of our investigation, it is quite likely that C24:0 and C26:0 originated from mycolic acids since 30% were cleaved at this injector temperature (Table   3) . Thus, the reliability of Tisdall's method could probably be improved by using higher injector temperatures. (1, 2, 7, 10, 26, 27) of mycobacteria and related cultures in clinical or reference laboratories whose personnel have experience in GLC procedures.
